Abstract-This paper presents an aerial robot capable of collaborating with humans for detecting, identifying and locating missing tools in manufacturing and assembly industrial plants. The proposed system has been installed and extensively validated in the Airbus A320 Neo fan-cowl factory in Centro Bahía de Cádiz (CBC) at Puerto de Santa María (Cádiz, Spain). The validation experiments took between December 2017 to February 2018 and the system was partially operated by the AIRBUS DS workers while factory was in full production. To the best of our knowledge this is the very first aerial robotic system cooperating with humans in manufacturing that has been validated in factory production conditions. The paper briefly presents the system, argues on its advantages over traditional approaches and presents experimental results.
I. INTRODUCTION
There is a strong demand in improving the level of automation in manufacturing industries. Industry 4.0 is a current trend that proposes the increase in the automation and data exchange in manufacturing through the massive introduction of technologies such as cyber-physical systems, the Internet of things, cloud computing and a new generation of robots capable of cooperating with humans in manufacturing, the so-called robot coworkers. Only ground robots have been traditionally employed in factory automation. Aerial robots instead of ground robots have significant advantages in factory automation. First, aerial robots have higher flexibility and speed. Also, factory floors are usually very dense with static and mobile obstacles -e.g. workerswhile the upper part of factories are in most cases completely empty. However, despite these advantages, to the best of our knowledge very few aerial robots for manufacturing have been developed or even experimented.
We are interested in autonomous aerial robots capable of helping workers finding missing tools in factories. Many manufacturing processes require a high number and variety of specialized tools. For instance, more than 100 different tools are necessary for the assembly of every single fan cowl in an aeronautic assembly factory. Missing tools is a severe problem in aeronautic industries due to two main reasons: 1) it may induce significant delays in the production line with evident impact on productivity, and 2) missing items may cause FOD (Foreign Object Damage) if they are forgotten inside an aero-structure. FOD is a critical issue in aeronautic industry with serious impact on product quality. Many manufacturing factories are equipped with intelligent tool closets, capable of detecting when a specific tool is missing at the end of the working shift. When a tool is considered missing, it is searched in the factory requiring significant human labor.
This paper presents an aerial robotic system for autonomous detection, identification and location of missing tools in manufacturing plants. In short, each tool is equipped with a radio tag with an ID that can listen and respond to request messages. The aerial robot is equipped with a radio emitter that can send requests and receive responses and take range measurements from missing tools. The range measurements received by the aerial robot as it autonomously navigates in the factory are used to estimate on-board and in real time the location of every missing tool using a combination of Particle Filters (PFs) and Extended Kalman Filters (EKFs). The objective is to estimate the location of each missing tool with enough accuracy so that it can be easily found.
The proposed system has been installed and extensively validated in the Airbus A320 Neo fan-cowl factory in Centro Bahía de Cádiz (CBC) at Puerto de Santa María (Cádiz, Spain) shown in Fig. 1 . The validation experiments took between December 2017 to February 2018 and the system was partially operated by the AIRBUS DS workers while factory was in full production. The presented system has been performed within the framework of project ARCOW (Aerial Robot Co-Worker in Plant Servicing). The main goal of ARCOW is the imple-mentation and validation of Micro Aerial Vehicles (MAV) enabling technologies that will allow the introduction of aerial robots collaborating with humans in aircraft manufacturing plants. ARCOW has been developed in the context of European Robotics Challenges EUROC project 1 funded by the European Commission. ARCOW has been selected in successive qualifying stages as one of the two finalists on EUROC Challenge 3 between more than 35 proposals. In January 2017 ARCOW was awarded with the "Best dronebased solution" in the 'EU Drone Awards'. This paper is structured as follows. Section II summarizes the main related work in the topics addressed in ARCOW. Section III provides a general description of the presented method arguing the advantages of the aerial robot coworker over other alternatives. The core methods employed for tool search in the presented system are summarized in Section IV including some results from real experiments. Section V describes the development process focusing on the migration from a system tested in the laboratory to the validation in a factory in full production conditions. The conclusions are in the last section.
II. RELATED WORK
To the best of our knowledge this is the very first autonomous aerial robotic system cooperating with humans in manufacturing that has been validated in factory full production conditions. Introducing autonomous aerial robot coworkers in manufacturing factories have important advantages in terms of efficiency and cost reduction but also involves significant issues that must be addressed. Below, the state of the art in the main constraining technologies and techniques is briefly summarized.
The robust and safe autonomous robot navigation in complex, obstacle dense, unstructured and changing environments is critical in our problem. Autonomous robot navigation requires estimating the robot position and orientation. This is commonly carried out by computing the robot odometry using an exteroceptive sensor. Some methods combine inertial sensors and altitude sensors with monocular vision systems to estimate the robot localization based on simultaneous localization and mapping (SLAM) [1] , [2] , [3] . Stereovision systems provide direct depth measurements in a general 3D environment. SLAM and pure odometry approaches demonstrate good results at short-term localization and even in long trajectories without loop closing [4] , [5] . Many of the algorithms developed for monocular odometry and SLAM can be applied to stereo cameras based on pattern projection [6] , [7] , [8] . Some other methods rely on range measurements to sensor nodes deployed in the environment. These methods require performing deployments in the environment but, on the other hand, provide robust measurements, which are very interesting when combined with visual estimations, more sensitive to changes in the scenario and to lighting condition.
Robustness is critical in our problem. Sensor fusion has been pointed out as key to improve robustness in robot localization and navigation [9] . The approach adopted in ARCOW exploits the synergy between different sensors to reduce uncertainty and increase robustness in robot localization and navigation.
There are many robot localization methods based on SLAM, such as RGBD-SLAM [10] , ORB-SLAM [6] or RTAB-Map [11] . They build their maps online and do not exploit the fact that the robot moves in a partially known environment. The adopted approach performs robot 6DoF localization assuming the map is available, which enables reducing SLAM-based robot localization errors.
Introducing autonomous MAVs cooperating with humans in manufacturing in fully factory operational conditions involves challenges from safety and robustness perspectives and requires specific step-by-step procedures to guide human-robot interaction. Recent commercial products show primary positioning abilities and/or collision avoidance capabilities, but are not mature enough to work safely in real and highly dynamic scenarios performing reliably during long periods of time in large industrial environments with strong changes in lighting conditions and strong wind perturbations due to proximity to air conditioning openings, which may have relevant impact on the small aerial vehicles. For example, the DJI Guidance Safety Guidelines include a number of usage notices that restrict their operation depending on lighting conditions, the surroundings structures or presence of moving objects.
In our system tools are detected, identified and located using radio signals. The main methods for radio-based localization are summarized below. Most localization methods with radio tags use the radio signal strength (RSS) as a range measurement. However, reflections and other interactions with the environment, such as multi-path propagation, make RSS measurements very dependent on the scenario. Other technologies can be used to estimate the distance between two radio tags, such as time of flight (TOF). TOF sensors are more accurate than RSS.
Localization with range-only measurements has the problem of partial observability: only one measurement is insufficient to constrain the target location. Thus, the robot has to move and integrate measurements from different positions in order to initialize the locations of the targets. Different approaches have been developed to solve this problem. Multilateration [12] , [13] is one of the simplest methods to determine the target position. The robot gathers measurements of the target from different locations, and then tries to estimate its pose through a simple least squares optimization. Multilateration is computationally efficient, but lacks robustness: it is very sensible to measurement noise and outliers, and it can cause bad initialization, which can lead to significant estimation errors. WCL (Weighted Centroid Localization) exhibits high robustness against noise in the RSSI measurements. [14] demonstrated that although other methods, like for example Least Squares (LS), are optimal with noiseless RSSI measurements, the performance of WCL is better with realistic (non-Gaussian) levels of noise.
Probability grids [15] , [16] provide more robustness than multilateration but are not scalable to large scenarios and their accuracy is related to the size of the cells in the grid. Particle Filters (PFs) [17] , [18] can represent any probability distribution. In this case the probability distribution has the shape of a ring in 2D or an sphere in 3D. As more range measurements are integrated, the particles tend to converge to the real distribution. PFs can be computationally hard, but they can provide a pure probabilistic solution to the partial observability problem. Kalman Filters are very useful for location estimation for mono-hypothesis problems and hence cannot be directly applied in our problem.
Our system employs a combination of PFs and Extended Kalman Filters. PFs are used used to solve for initializing tool localization, i.e. reducing to one the number of potential tool location hypothesis. After initialization an EKF is used to refine the location estimation.
III. AERIAL ROBOTS FOR TOOL SEARCH
The new manufacturing paradigm in the aerospace sector pursues the acceleration of delivery rates through the gradual implementation of automated processes. Aerial robots can contribute to this automation process by providing intrinsic capabilities, such as flexibility, fast response and availability. Airbus DS is very interested in the introduction of automation in the Airbus future factory strategy.
Automatic tool search in factories can be addressed using different technologies and approaches. For instance, a system of static sensor nodes could be installed in the factory in order to continuously localize all the missing tools. Nevertheless, this would require an ad hoc installation for each factory, so it would not be suitable for dynamic factories, where the structure and conditions of the factory has frequent changes. Another approach could be installing the sensor nodes on each of the worker's clothes (the helmet would perform properly in this task due to the height where it is located). However, this is not a very feasible approach for this problem as it would compromise the workers' safety and comfort.
In our system, tool detection and search is performed by an aerial robot. When a tool is considered missing, its ID is inserted into the list of the tools to be searched. During the next regular autonomous flights of the aerial robot, e.g. for performing logistic operations, the aerial robot transmits request messages with the IDs of the list of missing tools. When the radio tag of a missing tool receives a request with its ID, it responds. The aerial robot receives the responses together with range measurements and then it estimates the location of the missing tool in the factory map using the techniques summarized in Section IV. The system can search many missing tools simultaneously. Also, it is able to perform missing tool search flights on demand. For example, at the end of a working shift the IDs of the missing tools are inserted in the list and a search flight is performed on demand. Besides the functionalities for autonomous navigation, the aerial robot implements the communication protocol with missing tools and algorithms for estimating their location. Of course, performance in everyday operational conditions in the factory imposes strong safety and robustness requirements.
IV. TECHNIQUES
The aerial robot is capable of detecting and locating the tools using only its pose and the range measurements it receives from the missing radio-tagged tools. The proposed method uses Particle Filters (PFs) to estimate an initial location of the tool and then, refines this estimation with an EKF. The PFs solve the initial multi-hypothesis problem inherent to range-only measurements whereas the EKFs improve the tool location estimation more efficiently.
The proposed method employs one PF-EKF for every missing tool. Range measurements from each tool are associated with different radio-tag ID, naturally solving the measurement association problem. Assuming that a high number of tools (N ) are missing, it is more computationally efficient to have N simpler EKFs than the same number of more complex PFs. Thus, the combination of these two different filters allows to solve the multi-hypothesis problem and then to efficiently maintain a good estimation. Another advantage is that individual PFs have faster convergence than more complex multi-tool PFs, involving significantly lower computational resources. The aerial robot performs tool search while doing other tasks, such as logistics, and many other programs are running simultaneously on-board the aerial robot.
When the aerial robot receives the first range measurement z i from tool i, it initializes a PF, P F i , in which the particles, which are hypotheses of the tool location, are spread around the aerial robot at distances drawn from an annular distribution with mean z i and a width that depends on the measurements variance. From this time on, every time the aerial robot receives a new measurement from tool i, the particles of P F i are updated making them to condensate towards the tool's real position. This step estimates the importance factor or weight of each particle, i.e. the probability of a certain particle to represent the real state. Thus, higher weights represent more probable samples. The likelihood function used for estimating the importance factor is:
where p [j] (x) is the probability of particle j of representing the true state of x. x
[j] is the position of particle j. x r is the aerial robot location. z i is the current measurement of tool i. σ is the variance of the measurement noise.
PFs also implement the so-called importance resampling, which draws with replacement of M particles. The probability of drawing each particle is given by its importance factor. This step helps to have a faster convergence of the PF, removing particles with low probabilities and duplicating those with higher probabilities. In our case M =10% of the particles were replaced.
In our system we considered that a PF has converged in a Gaussian distribution when the maximum eigenvalue of the covariance matrix is lower than a certain threshold. The maximum eigenvalue is a measure of the volume of the confidence ellipsoid of the distribution. Using the eigenvalues establishes the convergence condition on each axis. When P F i , the PF for tool i, converges, the tool estimated location x i is computed as the weighted mean of all particles, see Eq. (2), and it is used to initialize EKF i , the EKF for tool i. The flexibility of PFs is at the expense of increasing computer burden. PF iterations require significantly more computer burden than EKF iterations. When the particles converge to a Gaussian-like distribution, the estimation of the missing tool i will be continuously updated with EKF i .
Missing tools are supposed to be static. Thus, the EKF prediction model will be also static: x t = x t−1 . On the other hand, the observation model will be the euclidean distance between the aerial robot and the missing tool:
EKF i will refine the estimation obtained with the P F i consuming less computation resources. More details of the algorithm can be found in [19] and [20] . Figure 3 shows several steps in the execution of the PF-EKF method for tool search and localization including: (a) particle deployment; (b-c) several steps in the PF convergence; (d) start of the EKF stage; (e) evolution of the EKF estimation and; (f) final tool location estimation. That experiment is the same as that in Fig. 2 . The aerial robot take-off and landing location is shown at the bottom-right corner of the images. The path is represented by red points. The particles of a PF are deployed when the first measurement from that radio tag is received, Fig. 3-a. The method requires integrating several range measurements gathered as the robot navigates. After enough measurements have been integrated, the PFs converge and the EKF location estimates are represented with ellipses. When the robot lands the tools' estimated location computed by the EKFs are provided to the workers in a geometrical 3D representation, see Fig. 3 f. Particle aggregations far from the ellipses represent low weighted particles that will be resampled in future steps.
V. FROM THE LABORATORY TO THE FACTORY
Our goal is to provide the plant personnel with a fully autonomous system to help them in their daily activities to accelerate delivery rates and reduce lead times and recurring cost. This involves:
• Safe interaction with human workers. This involves the design of an operational procedure which should maintain the safety of the workers but also the ability to interact with them taking into account the usual working conditions in the factory.
• Gradual introduction in the aircraft manufacturing processes taking into account a realistic practical approach. It should include a very safe first implementation with current reliable conventional drones with enough payload to solve a large number of logistic processes. An elevated net has been used in the first safe implementation. Intrinsically safe MAVs with enough payload will be used also in future implementations. A pragmatic approach taking into account the constraint of the industrial process has been adopted. This strategy allows to accelerate the transition from TRL 4 (technology validated in lab) towards TRLs 5 and 6 (technology validated and demonstrated in industrially relevant environments) which has been reached in February 2018.
The first step is the extensive testing of the methods in laboratory where a wide variety of conditions and experiments were considered, see Fig. 4 -top. This stage enabled increasing the robustness of the algorithms. Second, the proposed system has been extensively refined and validated using a realistic mock-up shown in Fig. 4 -center. This stage enabled increasing the performance of the system in realistic conditions.
Finally, the system has been installed and validated in fully working conditions in the Airbus CBC factory at Cadiz (Spain), see Figure 4 -bottom. Validating in a real factory imposes many constraints of various types: it was approached in three main steps. From September to November, the system experiments were performed during evenings and nights in order to avoid interactions with the production process. The objective was to adapt the system to the real scenario. In December and January, the experiments took place in the afternoon shift, while the factory was with low-working load. Some Airbus workers were involved in the experiments. The objective was to refine the operational performance of the system and integration with Airbus production systems in partial working conditions. In February 2018, the system was validated during the morning shift in a with full-working load factory and with close interaction of Airbus workers.
In the validation experiments in the real factory, the algorithm was able to correctly locate 95% of missing tools. The mean accuracy achieved in the experiments was 30 cm. The accuracy in the factory depends highly on the surroundings of the tool's location. For instance, if the tool is hided under several metallic structures, a lot of measurements will be lost and the accuracy will decrease (up to 1 meter).
The robustness of the methods employed is also an issue. Factories have high density of metallic structures. To cope with that, we adopted the real-time radio-range modeling technique previously developed by the authors [21] that calibrated the UWB sensors. The system should also be secure from an information perspective. Also, a Public Key Infrastructure (PKI) software architecture involving the aerial robots and the sensor nodes has been developed to provide secure communication and operation.
VI. CONCLUSIONS
There is a strong interest in improving the level of automation in manufacturing industries by the introduction of robots helping and collaborating with humans. Although traditionally only ground robots have been employed in factory automation, aerial robots have higher flexibility and use the upper part of factories, which are most cases completely empty.
This paper presents an aerial robotic system for autonomous detection, identification and location of missing tools in manufacturing plants. Many manufacturing processes require a high number and variety of specialized tools. Missing tools is a severe problem in aeronautic industries. Missing tool search is time consuming and often results in production delays. In the proposed system a radio tag is attached to each tool and the aerial robot is equipped with a radio emitter that takes range measurements to the missing tools. As the aerial robot navigates autonomously in the factory it integrates on-board, in real-time, the measurements and estimates the location of every missing tool using a combination of Particle Filters (PFs) and Extended Kalman Filters (EKFs).
The proposed system has been extensively validated between December 2017 to February 2018 in the Airbus A320 Neo fan-cowl factory in Centro Bahía de Cádiz (CBC) at the Spanish province of Cádiz while factory was in full production.
This system has been implemented after more than three years of work in the ARCOW project performing tasks such as: the design and testing of the algorithms in the laboratory; the refinement in realistic environments and; the validation in the real factory. Our first objective in the exploitation plan is to actually demonstrate the use of this technology and also validate that the factories are able to obtain the estimated savings. CBC Airbus DS factory in Cádiz will be used as the pilot program and also as the "first client" of this technology. Furthermore, it will be a great marketing advertisement due to the position and brand of Airbus DS in Europe, and in the world. Finally, it is important to highlight that it could also help to create a place for this technology in aircraft manufacturing operations in general.
